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ON-LINE MEASUREMENT AND CONTROL OF POLYMER PRODUCT 
PROPERTIES BY RAMAN SPECTROSCOPY 

1. FIELD OF THE INVENTION 

[0001] The present invention is directed generally to methods of measuring 
polymer product properties on-line in a slurry reactor, and using those measured 
properties to control the polymerization reaction. In particular, the present 
invention provides methods of measuring properties of polyolefins such as melt 
index and density on-line, using Raman spectroscopy, and methods of controlling 
a reactor using real-time, on-line polymer product property data provided by 
Raman spectroscopic measurements. 

2. BACKGROUND 

[0002] Slurry processes for the homopolymerization and copolymerization of 
monomers, especially olefin monomers, are well known in the art. Such processes 
can be conducted, for example, by introducing the monomer or monomers into a 
stirred and/or circulated stream of resin particles, catalyst and diluent. As used 
herein, the term "slurry reactor" includes any reactor suitable for polymerizing 
monomers in a heterogeneous medium including diluent (solution phase) and 
polymer product (solid phase), such as a stirred slurry reactor or a slurry loop 
reactor. As used herein, the term "slurry reactor system" includes the slurry 
reactor and associated recycle systems and product drying and recovery systems. 
[0003] The properties of the polymer produced in a slurry reactor system are 
affected by a variety of operating parameters, such as temperatures, monomer feed 
rates, slurry density, and catalyst feed rates. In order to produce. polymer having a 
desired set of properties, such as melt index and density, polymer product exiting 
the reactor is conventionally sampled and laboratory measurements carried out to 
characterize the polymer product. If it is discovered that one or more polymer 
product properties are outside a desired range, polymerization conditions can be 
adjusted, and the polymer product resampled. This periodic sampling, testing and 
adjusting, however, is undesirably slow, since sampling and laboratory testing of 
polymer product properties such as melt index, molecular weight distribution, and 
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density is time-consuming. As a result, conventional processes can produce large 
quantities of "off-spec" polymer product before manual testing and control can 
effectively adjust the polymerization conditions. This occurs during production of 
a particular grade of resin as well as during the transition process between grades. 
[0004] Methods have been developed to attempt to provide rapid assessment of 
certain polymer properties and rapid adjustment of polymerization conditions. 
PCT publications WO 01/09201 and WO 01/09203 disclose Raman-based 
methods using principal components analysis (PCA) and partial least squares 
(PLS) to determine concentrations of components in a slurry reactor. The 
concentration of a particular component, such as ethylene or hexene, is 
determined based on measurements of a known Raman peak corresponding to the 
component. U.S. Patent No. 5,999,255 discloses a method for measuring a 
physical property of a polymer sample, preferably nylon, by measuring a portion 
of a Raman spectrum of the polymer sample, determining a value of a preselected 
spectral feature from the Raman spectrum, and comparing the determined value to 
reference values. This method relies on identification and monitoring of 
preselected spectral features corresponding to identified functional groups, such as 
NH or methyl, of the polymer. 

10005] Additional background information can be found in U.S. Patent Nos. 
6,479,597, 6,144,897 and 5,151,474; European Patent application EP 0 561 078; 
PCT publication WO 98/08066; and Ardell, G.G. et al., "Model Prediction for 
Reactor Control," Chemical Engineering Progress, American Institute of 
Chemical Engineers, U.S., vol. 79, no. 6, June 1, 1983, pages 77-83 (ISSN 0360- 
7275). 

[0006] It would be desirable to have methods of determining polymer product 
properties such as melt index, density, molecular weight distribution, and tab 
swell, on-line in a* slurry reactor system, without the need to preselect or identify 
spectral features of a polymer to monitor. It would also be desirable to have 
methods of controlling a slurry reactor system to maintain desired polymer 
product properties, based on a rapid, on-line determination of the polymer product 
properties. 
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3. SUMMARY OF THE INVENTION 

[0007] In one aspect, the present invention provides a process for determining 
polymer product properties in a slurry reactor system. The process includes 
obtaining a regression model for detennining a polymer product property, the 
regression model including principal component loadings and principal 
component scores, acquiring a Raman spectrum of the polymer product in the 
slurry reactor system, calculating a new principal component score from at least a 
portion of the Raman spectrum and the principal component loadings, and 
calculating the polymer product property by applying the new principal 
component score to the regression model. 

[0008] In another aspect, the present invention provides a process for controlling 
polymer product properties in a slurry reactor system. The process includes 
obtaining a regression model for determining a polymer product property, the 
regression model including principal component loadings and principal 
component scores, acquiring a Raman spectrum of the polymer product in the 
slurry reactor system, calculating a new principal component score from at least a 
portion of the Raman spectrum and the principal component loadings, calculating 
the polymer product property by applying the new principal component score to 
the regression model, and adjusting at least one polymerization parameter based 
on the calculated polymer product property. In particular embodiments, the at 
least one polymerization parameter can be, for example, monomer feed rate, 
comonomer feed rate, catalyst feed rate, cocatalyst feed rate, slurry density (solids 
concentration in the slurry), hydrogen gas feed rate, or reaction temperature. 
[0009] In one embodiment, the regression model is constructed by obtaining a 
plurality of Raman spectra of polymer product samples, calculating principal 
component loadings and principal component scores from the spectra using 
principal component analysis (PCA), and forming the regression model using the 
principal component scores such that the regression model correlates the polymer 
product property to the principal component scores. 

[0010] In another embodiment, the regression model is a locally weighted 
regression model. 
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[0011] In another embodiment, the method includes: obtaining a first regression 
model for determining a first property of the polymer product, the first regression 
model including first principal component loadings and first principal component 
scores; obtaining a second regression model for detennining a second property of 
the polymer product, the second regression model including second principal 
component loadings and second principal component scores; acquiring a Raman 
spectrum of the polymer product in a slurry reactor system; calculating a new first 
principal component score from at least a portion of the Raman spectrum and the 
first principal component loadings; calculating a new second principal component 
score from at least a portion of the Raman spectrum and the second principal 
component loadings; calculating the first property of the polymer product by 
applying the new first principal component score to the first regression model; and 
calculating the second property of the polymer product by applying the new 
second principal component score to the second regression model. 
100121 Suitable polymer properties include, for example, density, melt flow rates 
such as melt index or flow index, molecular weight, molecular weight distribution, 
tab swell, and various functions of such properties. 

4. BRIEF DESCRIPTION OF THE DRAWINGS 

[0013] Figure 1 is a block diagram of a Raman analyzer according to the 
invention. 

[0014] Figure 2 illustrates one embodiment of a fiber optic Raman probe. 

[0015] Figure 3 shows predicted versus measured melt indices according to 

Example 1. 

[0016] Figure 4 shows predicted versus measured density according to 
Example 2. 

5. DETAILED DESCRIPTION 

[0017] In one embodiment, the present invention provides a method of 
determining polymer product properties on-line, i.e., as the polymer product is 
produced in a slurry reactor system, without the need for external sampling and 
analysis. The method includes obtaining a regression model for determining a 
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polymer product property, the regression model including principal component 
loadings and principal component scores, acquiring a Raman spectrum of the 
polymer product in the slurry reactor system, calculating a new principal 
component score from at least a portion of the Raman spectrum and the principal 
component loadings, and calculating the polymer product property by applying 
the new principal component score to the regression model. 

5.1 Slurry Reactor System 
[0018] The methods of the invention can generally be carried out in a slurry 
reactor system, such as a stirred slurry reactor system or a slurry loop reactor 
system. For illustrative purposes, the methods are described below with particular 
reference to a slurry loop reactor system. However, it should be appreciated that 
the methods are not limited to this particular reactor configuration. 
[0019] A slurry loop reactor can generally be described as a loop-shaped or 
multiple loop-shaped continuous tube. In some instances, the reactor design may 
be generally "O" shaped. One or more fluid circulating devices, such as ah axial 
pump, urge the reactor constituents within the tube in a desired direction so as to 
create a circulating current or flow of the reactor constituents within the tube. 
Desirably, the fluid circulating devices are designed to provide high velocity of 
motion and a very intensive and well-defined mixing pattern of the reactor 
constituents. The reactor may be totally or partially jacketed with cooling water in 
order tp remove heat generated by polymer polymerization. 

[0020] In the slurry loop reactor, the polymerization medium includes monomer, 
optional comonomer, and a hydrocarbon solvent or diluent, advantageously 
aliphatic paraffin such as propane, isobutane, hexane, heptane, or cyclohexane, for 
example, or an aromatic diluent such as toluene, or mixtures thereof. The 
polymerization typically is carried out at a temperature of from a lower limit of 50 
or 60 or 70 or 80 or 90 C to an upper limit of 150 or 140 or 130 or 120 or 1 10 or 
100 C, with ranges from any lower limit to any upper limit being contemplated. 
Pressures typically can vary from about 100 to about 700 psia (0.69-4.8 MPa). 
Additional description is given in U.S. Patent Nos. 5,274,056 and 4,182,810 and 
PCT publication WO 94/21962. As such, the reactor constituents generally are a 
combination of both solids, such as supported catalyst and polymer product, and 
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liquids, such as those described above. The percentage of solids within the reactor 
constituents may be as high as 60 wt % of the reactor constituents. Typically, the 
weight percent of solids is in the range of 45 to 55 wt.%. 

[0021] The slurry loop reactor may be operated in a single stage process or in 
multistage processes. In multistage processing, the polymerization is carried out 
in two or more reactors. These reactors can be configured in series, in parallel, or 
a combination thereof. 

[0022] A slurry reactor system includes the slurry reactor and associated product 
recovery systems. Polymer product is continuously or intermittently discharged 
from the slurry reactor as a slurry including polymer product, diluent, and 
unreacted or under-reacted monomer. Polymer product is then recovered from the 
product slurry, and other slurry components removed and/or recycled, using 
conventional methods well-known in the art. Typically, the product slurry is 
conveyed to a high-pressure flash tank to concentrate the polymer solids, which 
are then conveyed to a lower-pressure flash tank to further concentrate the solids. 
The solids exiting the lower-pressure flash tank can then be further dried, such as 
by heating in a polymer drier, and conveyed through a final purge column to yield 
a dried, particulate polymer product. 

[0023] Suitable slurry reactor systems are well-known in the art and are described, 
for example, in U.S. Patent Nos. 6,204,344; 6,281,300; 6,380,325; and 6,239,235. 
[0024] In particular methods of the present invention, the slurry reactor system is 
operated to form at least one polyolefin homopolymer or copolymer product. 
Suitable polyolefins include any polyolefin homopolymer or copolymer that can 
be produced in a slurry reactor system. 

[0025] In one embodiment, the at least one polyolefin includes polyethylene 
homopolymer and/or copolymer. In a particular aspect of this embodiment, the 
polyethylene is a high density polyethylene ("HDPE"), i.e., a polyethylene 
homopolymer or copolymer having a density of at least 0.935 g/cm 3 or at least 
0.940 g/cm 3 or at least 0.945 g/cm 3 . HDPEs can be produced in a slurry reactor 
using, for example, Ziegler-Natta catalysts, chromium catalysts, or metallocene 
catalysts. 
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[0026] In another embodiment, the at least one polyolefin includes polypropylene 
homopolymer or copolymer. In this embodiment, the slurry diluent can be liquid 
propylene monomer. 

[0027J Polymers having more than two types of monomers, such as terpolymers, 
are also included within the terms "polymer" or "copolymer" as used herein. 
Suitable comonomers include a-olefins, such as C3-C20 a-olefins or C3-C12 
a-olefins. The a-olefin comonomer can be linear or branched, and two or more 
comonomers can be used, if desired. Examples of suitable comonomers include 
linear C3-C12 a-olefins, and a-olefins having one or more C1-C3 alkyl branches, or 
an aryl group. Specific examples include propylene; 3-methyl-l-butene; 
3,3-dimethyl-l-butene; 1-pentene; 1-pentene with one or more methyl, ethyl or 
propyl substituents; 1-hexene with one or more methyl, ethyl or propyl 
substituents; 1-heptene with one or more methyl, ethyl or propyl substituents; 
1-octene with one or more methyl, ethyl or propyl substituents; 1-nonene with one 
or more methyl, ethyl or propyl substituents; ethyl, methyl or dimethyl-substituted 
1-decene; 1-dodecene; and styrene. It should be appreciated that the list of 
comonomers above is merely exemplary, and is not intended to be limiting. 
Preferred comonomers include propylene, 1-butene, 1-pentene, 4-methyl-l- 
pentene, 1-hexene, 1-octene and styrene. 

[0028] Other useful commoners include polar vinyl, conjugated and non- 
conjugated dienes, acetylene and aldehyde monomers, which can be included in 
minor amounts in terpolymer compositions. Non-conjugated dienes useful as co- 
monomers preferably are straight chain, hydrocarbon diolefins or cycloalkenyl- 
substituted alkenes, having 6 to 15 carbon atoms. Suitable non-conjugated dienes 
include, for example: (a) straight chain acyclic dienes, such as 1,4-hexadiene and 

1.6- octadiene; (b) branched chain acyclic dienes, such as 5-methyl- 1,4-hexadiene; 

3.7- dimethyM,6-octadiene; and 3,7-dimethyl-l,7-octadiene; (c) single ring 
alicyclic dienes, such as 1,4-cyclohexadiene; 1,5-cyclo-octadiene and 1,7- 
cyclododecadiene; (d) multi-ring alicyclic fused and bridged ring dienes, such as 
tetrahydroindene; norbornadiene; methyl-tetrahydroindene; dicyclopentadiene 
(DCPD); bicyclo-(2.2.1)-hepta-2,5-diene; alkenyl, alkylidene, cycloalkenyl and 
cycloalkylidene norbomenes, such as 5-methylene-2-norbornene (MNB), 5- 
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propenyl-2-norbornene, 5-isopropylidene-2-norbornene, 5-(4-cyclopentenyl)-2- 
norbornene, 5-cyclohexylidene-2-norbornene, and 5-vinyl-2-norbornene (VNB); 
and (e) cycloalkenyl-substituted alkenes, such as vinyl cyclohexene, allyl 
cyclohexene, vinyl cyclooctene, 4-vinyl cyclohexene, allyl cyclodecene, and vinyl 
cyclododecene. Of the non-conjugated dienes typically used, the preferred dienes 
are dicyclopentadiene, 1,4-hexadiene, 5-methylene-2-norbornene, 5-ethylidene-2- 
norbornene, and tetracyclo-(A- 11,1 2)-5 ,8-dodecene. Particularly preferred 
diolefins are 5-ethylidene-2-norbornene (ENB), 1,4-hexadiene, dicyclopentadiene 
(DCPD), norbornadiene, and 5-vinyl-2-norbornene (VNB). 

[0029] The amount of comonomer used will depend upon the desired density of 
the polymer and the specific comonomers selected. One skilled in the art can 
readily determine the appropriate comonomer content appropriate to produce a 
polymer having a desired density. 

5.2 Raman Spectroscopy 
[0030] Raman spectroscopy is a well-known analytical tool for molecular 
characterization, identification, and quantification. Raman spectroscopy makes 
use of inelastically scattered radiation from a non-resonant, non-ionizing radiation 
source, typically a visible or near-infrared radiation source such as a laser, to 
obtain information about molecular vibrational-rotational states. In general, non- 
ionizing, non-resonant radiation is scattered elastically and isotropically (Raleigh 
scattering) from a scattering center, such as a molecule. Subject to well-known 
symmetry and selection rules, a very small fraction of the incident radiation can be 
inelastically and isotropically scattered, with each inelastically scattered photon 
having an energy E = huo ± | Ej«j- - Ey | , where ht>o is the energy of the incident 
photon and | Eyy - Ey | is the absolute difference in energy between the final (i'j 1 ) 
and initial (ij) vibrational-rotational states of the molecule. This inelastically 
scattered radiation is the Raman scattering, and includes both Stokes scattering, 
where the scattered photon has lower energy than the incident photon (E = hu 0 - 
| Ej'j' - Eg | ), and anti-Stokes scattering, where the scattered photon has higher 
energy than the incident photon (E = ht>o + | Epj* - Ey | ). 
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[0031] Raman spectra are typically shown as plots of intensity (arbitrary units) 
versus "Raman shift/ 7 where the Raman shift is the difference in energy or 
wavelength between the excitation radiation and the scattered radiation. The 
Raman shift is typically reported in units of wavenumbers (cm" 1 ), i.e., the 
reciprocal of the wavelength shift in centimeters. Energy difference 
| Ei«j. - Ey | and wavenumbers (co) are related by the expression | Eyj - Ey | = 
he©, where h is Planck's constant, c is the speed of light in cm/s, and (o is the 
reciprocal of the wavelength shift in centimeters. 

[0032J The spectral range of the Raman spectrum acquired is not particularly 
limited, but a useful range includes Raman shifts (Stokes and/or anti-Stokes) 
corresponding to a typical range of polyatomic vibrational frequencies, generally 
from about 100 cm" 1 to about 4000 cm' 1 . It should be appreciated that useful 
spectral information is present in lower and higher frequency regions. For 
example, numerous low frequency molecular modes contribute to Raman 
scattering in the region below 100 cm" 1 Raman shift, and overtone vibrations 
(harmonics) contribute to Raman scattering in the region above 4000 cm" 1 Raman 
shift. Thus, if desired, acquisition and use of a Raman spectrum as described 
herein can include these lower and higher frequency spectral regions. 
[0033] Conversely, the spectral region acquired can be less than all of the 100 
cm" 1 to 4000 cm" 1 region. For many polymers, such as polyolefins, the majority of 
Raman scattering intensity will be present in a region from about 500 cm" 1 to 
about 3500 cm" 1 or from 1000 cm" 1 to 3000 cm" 1 . The region acquired can also 
include a plurality of sub-regions that need not be contiguous. 
[0034] As explained below, it is a particular advantage of the methods described 
herein that Raman scattering intensity data is useful in determining properties of 
polymer particles without the need to identify, select, or resolve particular spectral 
features. Thus, it is not necessary to identify a particular spectral feature as being 
due to a particular mode of a particular moiety of the polymer, nor is it necessary 
to selectively monitor Raman scattering corresponding to a selected spectral 
feature. Indeed, it has been surprisingly found that such selective monitoring 
disadvantageous^ disregards a wealth of information content embedded in the 
spectrum that, heretofore, has generally been considered to be merely unusable 



WO 2004/063234 



PCT/US2003/038909 



10 

scattering intensity disposed between and underlying the identifiable (and thus 
presumed useful) bands. Accordingly, in the methods described herein, the 
Raman spectral data acquired and used includes a plurality of frequency or 
wavelength shift, scattering intensity (x, y) measurements over relatively broad 
spectral regions, including regions conventionally identified as spectral bands and 
regions conventionally identified as interband, or unresolved regions. 
10035] The frequency spacing of acquired data can be readily determined by one 
skilled in the art, based on considerations of machine resolution and capacity, 
acquisition time, data analysis time, and information density. Similarly, the 
amount of signal averaging used is readily determined by one skilled in the art 
based on machine and process efficiencies and limitations. 

[0036] - The spectral region measured can include Stokes scattering (i.e., radiation 
scattered at frequencies lower than the excitation frequency), anti-Stokes 
scattering (i.e., radiation scattered at frequencies higher than the excitation 
frequency), or both. Optionally, polarization information embedded in the Raman 
scattering signal can also be used, and one skilled in the art readily understands 
how to acquire Raman polarization information. However, determining polymer 
properties as described herein does not require the use of polarization information. 
In some embodiments described herein, any Raman polarization is essentially 
randomized as a result of interactions with the fiber optic conduit used to convey 
the signal to the signal analyzer, as described below. 

5.3 Raman Instrumentation 
[0037] Referring now to Figure 1, the instrumentation used to collect and process 
Raman data includes a Raman subsystem 100, a sample subsystem 200, and a data 
subsystem 300. As shown in Figure 1, the sample subsystem 200 is in optical 
communication with slurry reactor system 20; i.e., the instrumentation is 
configured to allow excitation radiation and scattered radiation to pass between 
the sample subsystem 200 and the slurry reactor 20 such as, for example, by using 
fiber optic cables and associated optics. 
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5.3.1 Raman Subsystem 
[0038] The Raman subsystem includes a Raman spectrometer, the principal 
components of which are an excitation source 102, a monochromator 104, and a 
detector 106. Raman spectrometers are well-known analytical instruments, and 
thus only a brief description is provided herein. 

[0039] A Raman spectrometer includes an excitation source 102 which delivers 
excitation radiation to the sample subsystem 200. Scattered radiation is collected 
within the sample subsystem 200 (described below), filtered of Raleigh scattered 
light, and dispersed via monochromator 104. The dispersed Raman scattered light 
is then imaged onto a detector 106 and subsequently processed in data subsystem 
300, as further described below. 
Excitation Source 

[0040] The excitation source and frequency can be readily determined based on 
considerations well-known in the art. Typically, the excitation source 102 is a 
visible or near infrared laser, such as a frequency-doubled Nd:YAG laser (532 
nm), a helium-neon laser (633 nm), or a solid-state diode laser (such as 785 nm). 
The laser can be pulsed or continuous wave (CW), polarized as desired or 
randomly polarized, and preferably single-mode. Typical excitation lasers will 
have 100 to 400 mW power (CW), although lower or higher power can be used as 
desired. Light sources other than lasers can be used, and wavelengths and laser 
types and parameters other than those listed above can also be used. It is well- 
known that scattering, including Raman scattering, is proportional to the fourth 
power of the excitation frequency, subject to the practical limitation that 
fluorescence typically overwhelms the relatively weak Raman signal at higher 
frequencies. Thus, higher frequency (shorter wavelength) sources are preferred to 
maximize signal, while lower frequency (longer wavelength) sources are preferred 
to minimize fluorescence. One skilled in the art can readily determine the 
appropriate excitation source based on these and other considerations, such as 
mode stability, maintenance time and costs, capital costs, and other factors well 
understood in the art. 

[0041] The excitation radiation can be delivered to the sample subsystem 200, and 
the scattered radiation collected from the sample subsystem, by any convenient 
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means known in the art, such as conventional beam manipulation optics, or fiber 
optic cables. For an on-line process measurement, it is particularly convenient to 
deliver the excitation radiation and collect the scattered radiation fiber-optically. 
It is a particular advantage of Raman spectroscopy that the excitation radiation 
typically used is readily manipulated fiber optically, and thus the excitation source 
can be positioned remotely from the sampling region. A particular fiber optic 
probe is described below; however, one skilled in the art will appreciate that the 
Raman system is not limited to any particular means of radiation manipulation. 
Monochromator 

10042] The scattered radiation is collected and dispersed by any convenient means 
known in the art, such as a fiber optic probe as described below. The collected 
scattered radiation is filtered to remove Raleigh scattering and optionally filtered 
to remove fluorescence, then frequency (wavelength) dispersed using a suitable 
dispersive element, such as a blazed grating or a holographic grating, or 
interferometrically (e.g., using Fourier transforms). The grating can be fixed or 
scanning, depending upon the type of detector used. The monochromator 104 can 
be any such dispersive element, along with associated filters and beam 
manipulation optics. 
Detector 

10043] The dispersed Raman scattering is imaged onto a detector 106. The choice 
of detector is easily made by one skilled in the art, taking into account various 
factors such as resolution, sensitivity to the appropriate frequency range, response 
time, etc. Typical detectors include array detectors generally used with fixed- 
dispersive monochromators, such as diode arrays or charge coupled devices 
(CCDs), or single element detectors generally used with scanning-dispersive 
monochromators, such as lead sulfide detectors and indium-gallium-arsenide 
detectors. In the case of array detectors, the detector is calibrated such that the 
frequency (wavelength) corresponding to each detector element is known. The 
detector response is delivered to the data subsystem 300 which generates a set of 
frequency shift, intensity (x,y) data points which constitute the Raman spectrum. 
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5.3.2 Sample Subsystem 
10044] The sample subsystem 200 couples the Raman subsystem 100 to the 
polymerization process. Thus, the sample subsystem 200 delivers the excitation 
radiation from the excitation source 102 to the polymer product, collects the 
scattered radiation, and delivers the scattered radiation to the monochromator 104. 
[0045] As noted above, the excitation radiation can be delivered to and collected 
from the polymer product by any convenient means, such as using conventional 
optics or fiber optic cables. 

[0046] In one embodiment, the sample subsystem includes a probe 204. Figure 2 
shows a block diagram of one embodiment of a fiber optic probe. The probe 
includes a fiber optic bundle 206 including one or more fiber optic cables 208 
carrying the excitation radiation from the excitation source toward the polymer 
product, and one or more fiber optic cables 210 carrying the collected scattered 
radiation from the polymer product. Fiber optic cables 208 are in optical 
communication with the excitation source (102 in Figure 1), and fiber optic cables 
210 are in optical communication with the monochromator (104 in Figure 1). The 
excitation and scattered radiation can be manipulated using well-known 
techniques. Thus, it should be appreciated that the particular optical setup shown 
in Figure 2 is merely exemplary. Excitation radiation 212 is directed via optics 
214 to a holographic ©rating 216 and spatial filter 218 to remove silica Raman due 
to the fiber optic cable, then directed via mirror 220 and beam combiner 222 to 
sampling optics (not shown) within probe head 224. Probe head 224 is disposed 
in a polymer product stream in slurry reactor system 20, eliminating the need for 
complex sampling apparatus. Scattered radiation is collected via the sampling 
optics and directed through beam combiner 222, a notch filter 226 to remove the 
Raleigh scattered radiation, and into fiber optic cables 210. 

[0047] The probe head 224 can be disposed at any convenient location in the 
slurry reactor system. Thus, for example, in one embodiment, the probe head 224 
is positioned in an output conduit of the slurry reactor. In other embodiments, the 
probe head 224 is positioned in the product flowstream downstream of a high- 
pressure flash tank, downstream of a low-pressure flash tank, or downstream of a 
purge column. 



WO 2004/063234 



PCT/US2003/038909 



14 

[0048] In operation, static charge may build-up on the probe head 224. An 
optional grounding strap, not shown, can be used to ground the probe head 224 to 
the slurry reactor system 20, to dissipate static charge. 

[0049J Preferably, an inert gas flow is provided via conduit 205. The inert gas, 
such as nitrogen gas, is directed via conduit 205 to provide a gas flow across the 
probe head 224 to reduce the incidence of probe fouling by polymer particle 
agglomeration on the probe head. 

[0050] The polymer product includes a plurality of polymer particles (granules). 
Advantageously, it is not necessary that the polymer product be free of liquid- 
phase components, such as residual diluent or other liquid hydrocarbons that may 
be present in the polymer product. 

5.3.3 Data Subsystem 
[0051] Referring again to Figure 1, the data subsystem includes an analyzer 302, 
which receives the response signal of the detector 106. The analyzer can be, for 
example, a computer capable of storing and processing the Raman data. Other 
functions of the analyzer can include, for example, developing the regression 
model and carrying out PCA/LWR analysis, as described below. In one 
embodiment described above, the data subsystem controls the motion of the 
sampling probe. In another embodiment described above, the data subsystem 
controls valves for filling and emptying the sample chamber. In another 
embodiment, the data subsystem compares the calculated value of one or more 
polymer properties to a target value, and adjusts one or more reactor parameters in 
response to the deviation between calculated and target values. Reactor control is 
further described below. 

5.4 PCA/LWR Analysis 
[0052] The Raman spectrum includes information directly or indirectly related to 
various properties of the polymer product. Conventionally, sample components 
are identified by the presence of unique spectral signatures, such as particular 
bands recognized as being due to particular vibrational modes of a molecule. 
Quantitative information such as concentration can then be obtained about a 
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sample component by, for example, integrating the area under a particular peak 
and comparing the area to a calibration sample, by monitoring scattered intensity 
at a particular peak as a function of time, etc. In contrast to these conventional 
approaches, the present inventors have surprisingly found that polymer properties 
can be determined from Raman spectra without the need to identify or select 
particular spectral features, by using a multivariate model to correlate polymer 
properties with Raman scattering data. The model uses large, contiguous regions 
of the spectrum, rather than discrete spectral bands, thereby capturing large 
amounts of information density unavailable and unrecognized in conventional 
analysis. Further, the spectral data are correlated to polymer properties such as 
melt flow rates (defined below), densities, molecular weight distributions, tab 
swell, etc., that are not readily apparent from optical spectra. 
[0053J In one embodiment, the data analysis described below is used to build and 
apply a predictive model for at least one property of the polymer product selected 
from melt flow rate, density, molecular weight, molecular weight distribution, tab 
swell, and functions thereof. 

[0054] As used herein, the term "melt flow rate" indicates any of the various 

quantities defined according to ASTM D-1238, including l 2A6 , the melt flow rate 

of the polymer measured according to ASTM D-1238, condition E (2.16 kg load, 

190 °C), commonly termed the "melt index", and I 2 i.e, the melt flow rate of the 

polymer measured according to ASTM D-1238, condition F (21.6 kg load, 

190 °C), commonly termed the "flow index." Other melt flow rates can be 

specified at different temperatures or different loads. The ratio of two melt flow 

rates is the "Melt Flow Ratio" or MFR, and is most commonly the ratio of 

I21.6/I2.16. "MFR" can be used generally to indicate a ratio of melt flow rates 
* 

measured at a higher load (numerator) to a lower load (denominator). 
[0055] As used herein, "molecular weight" indicates any of the moments of the 
molecular weight distribution, such as the number average, weight average, or Z- 
average molecular weights, and "molecular weight distribution" indicates the ratio 
of two such molecular weights. In general, molecular weights M can be computed 
from the expression: 
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where Ni is the number of molecules having a molecular weight Mj. When n = 0, 
M is the number average molecular weight Mn. When n = 1, M is the weight 
average molecular weight Mw. When n = 2, M is the Z-average molecular weight 
Mz. These and higher moments are included in the term "molecular weight." The 
desired molecular weight distribution (MWD) function (such as, for example, 
Mw/Mn or Mz/Mw) is the ratio of the corresponding M values. Measurement of 
M and MWD by conventional methods such as gel permeation chromatography is 
well known in the art and is discussed in more detail in, for example, Slade, P. E. 
Ed., Polymer Molecular Weights Part II, Marcel Dekker, Inc., NY, (1975) 287- 
368; Rodriguez, F., Principles of Polymer Systems 3rd ed., Hemisphere Pub. 
Corp., NY, (1989) 155-160; U.S. Patent No. 4,540,753; Verstrate et al., 
Macromolecules, vol. 21, (1988) 3360; and references cited therein. 
10056] "Tab swell" is a measure of the tendency of a resin to expand beyond the 
die diameter as parisons are formed in a bottle blowmolding process. While 
operating the blowmolding machine under reproducible conditions, tab swell is 
determined by measuring the width of the bottom tab where it meets the base of 
the blown bottle with a caliper. Using a Uniloy blowmolding apparatus, for 
example, the Uniloy blowmolding machine is first started up on a standard resin to 
ensure that the system is in control before taking a sample tab swell measurement. 
The Uniloy operating parameters are set to standard ranges to ensure a consistent 
measurement basis from sample to sample. These parameters include barrel 
temperature profiles, cycle time, and bottle weight. Tab swell is determined by 
taking five tab swell measurements from each head on the blowmolding machine 
for a given polymer sample. The average swell is then computed from each head, 
which is then averaged for a final reported tab swell value for the resin sample. 
Tab swell measurements can be made on resin powder or pellets, as desired. 
10057] Methods of the invention include obtaining a regression model for 
determining a polymer product property, the regression model including principal 
component loadings and principal component scores; acquiring a Raman spectrum 
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of a polymer sample; calculating a new principal component score from at least a 
portion of the Raman spectrum and the principal component loadings; and 
calculating the polymer product property by applying the new principal 
component score to the regression model. The Raman spectra acquired for model 
development can be acquired on-line, via the sampling system described above, or 
can be acquired via off-line, laboratory measurements. 

10058] The regression model is preferable a locally weighted regression (LWR) 
model, using principal component analysis (PCA) eigenvectors. PCA is a well- 
known analytical method, and is described, for example, in Pirouette™ 
Multivariate Data Analysis for Windows software manual, Infometrix, Inc, 
Woodinville, WA (1985-2000), PLSJToolbox™ software manual, Eigenvector 
Research, Inc., Manson, WA (1998), and references cited therein. LWR is 
described, for example, in Naes and Isaksson, Analytical Chemistry, 62, 664-673 
(1990), Sekulic et at, Analytical Chemistry, 65, 835A-845A (1993), and 
references cited therein. 

[0059] Principal Components Analysis is a mathematical method which forms 
linear combinations of raw variables to construct a set of mutually orthogonal 
eigenvectors (principal component loadings). Since the eigenvectors are mutually 
orthogonal, these new variables are uncorrelated. Further, PCA can calculate the 
eigenvectors in order of decreasing variance. Although the analysis computes a 
number of eigenvectors equal to the number of original variables, in practice, the 
first few eigenvectors capture a large amount of the sample variance. Thus, only a 
relatively small number of eigenvectors is needed to adequately capture the 
variance, and a large number of eigenvectors capturing minimal variance can be 
disregarded, if desired. 

[0060J The data are expressed in an m (row) by n (column) matrix X, with each 
sample being a row and each variable a column optionally mean centered, 
autoscaled, scaled by another function or not scaled. The covariance of the data 
matrix, cov(X), can be expressed as: 

cov(X) = X T X/(m-l) 
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where the superscript T indicates the transpose matrix. The PCA analysis 
decomposes the data matrix as a linear combination of principal component scores 
vectors Sj and principal component loading vectors (eigenvectors) Li, as follows: 

X « SiLi T + S 2 L 2 T + S 3 L 2 T + ... 
The eigenvectors Li are eigenvectors of the covariance matrix, with the 
corresponding eigenvalues X\ indicating the relative amount of covariance 
captured by each eigenvector. Thus, the linear combination can be truncated after 
the sum of the remaining eigenvalues reaches an acceptably small value. 
[0061] A model can be constructed correlating the Raman scattering intensity 
with a polymer property in PCA space using various linear or nonlinear 
mathematical models, such as principal components regression (PCR), partial 
least squares (PLS), projection pursuit regression (PPR), alternating conditional 
expectations (ACE), multivariate adaptive regression splines (MARS), and neural 
networks (NN), to name a few. 

10062] In a particular embodiment, the model is a locally weighted regression 
model. Locally Weighted Regression (LWR) assumes that a smooth non-linear 
function can be approximated by a linear or relatively simple non-linear (such as 
quadratic) function, with only the closest data points being used in the regression. 
The q closest points are used and are weighted by proximity, and the regression 
model is applied to the locally weighted values. 

[0063] In the calibration phase, Raman spectra are acquired (on- or off-line), and 
the polymer properties of the sample are measured in the laboratory. The 
properties measured include those that the model will predict, such as density, 
melt flow rates, molecular weights, molecular weight distributions, tab swell, and 
functions thereof. For a desired polymer property, the data set including the 
measured polymer properties the samples and the Raman spectral data for the 
samples is decomposed into PCA space to obtain a calibration data set. No 
particular number of calibration samples is required. One skilled in the art can 
determine the appropriate number of calibration samples based on the 
performance of the model and the incremental change in performance with 
additional calibration data. Similarly, there is no particular number of PCA 
eigenvectors required, and one skilled in the art can choose an appropriate number 



WO 2004/063234 



PCT/US2003/038909 



19 

based on the amount of variance captured a selected number of eigenvectors and 
the incremental effect of additional eigenvectors. 

[0064] The LWR model can be validated using methods known in the art. It is 
convenient to divide the calibration samples into two sets: a calibration data set, 
and a validation data set. The calibration data set is used to develop the model, 
and to predict the appropriate polymer property for the samples in the validation 
data set, using the validation data set Raman spectra. Since the chosen polymer 
property for the validation data set samples is both calculated and measured, the 
effectiveness of the model can be evaluated by comparing the calculated and 
measured values. 

[0065] The validated model can then be applied to spectra collected on-line (in the 
slurry reactor system) to predict the desired polymer property or properties. 
[0066] If desired, a single model can be used to predict two or more polymer 
properties. Preferably, separate models are developed for each polymer property. 
Thus, in one embodiment, the present invention includes: obtaining a first 
regression model for determining a first polymer property, the first regression 
model including first principal component loadings and first principal component 
scores; obtaining a second regression model for determining a second polymer 
property, the second regression model including second principal component 
loadings and second principal component scores; acquiring a Raman spectrum of 
the polymer product in the slurry reactor system; calculating a new first principal 
component score from at least a portion of the Raman spectrum and the first 
principal component loadings; calculating a new second principal component 
score from at least a portion of the Raman spectrum and the second principal 
component loadings; calculating the first polymer property by applying the new 
first principal component score to the first regression model; and calculating the 
second polymer property by applying the new second principal component score 
to the second regression model. 

[0067] Of course, more than two polymer properties can be determined by 
including third or more regression models. Advantageously, multiple polymer 
properties can be determined essentially simultaneously by using the same Raman 
spectrum and applying several regression models to the spectral data. 
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[0068] In a particular embodiment, two regression models are used, and both a 
melt flow rate (such as melt index I 2 .i6 or flow index I21.6) and density are 
determined. 

[0069] In another embodiment, three regression models are used, and a melt flow 
rate (such as melt index I 2 .i6 or flow index I21.6), density and tab swell are 
determined. 

5.5 Reaction Control 
[0070] In one embodiment, the calculated polymer product property is compared 
to a target polymer product property, and at least one reactor parameter is adjusted 
based on the deviation between the calculated and target polymer product 
properties. The at least one reactor parameter can include the amounts of 
monomer, comonomer, catalyst and cocatalyst, the operating temperature of the 
reactor, the ratio of comonomer(s) to monomer, the ratio of hydrogen to monomer 
or comonomer, and other parameters that affect the chosen polymer property. For 
example, if the chosen polymer property is density and the density calculated from 
the PCA/LWR model is lower than a target density, a reactor parameter can be 
adjusted to increase density, such as, for example, reducing the comonomer feed 
rate and/or increasing the monomer feed rate. 

[0071] For example, in the case of olefin polymerization, hydrogen can serve as a 
chain transfer agent. In this way, the molecular weight of the polymer product can 
be controlled. Additionally, varying the hydrogen concentration in olefin 
polymerization reactors can also vary the polymer melt flow rate, such as the melt 
index I 2 .i6 (MI). The present invention allows control of the reactor to produce 
polymer having a selected MI range. This is accomplished by knowing the 
relationship between hydrogen concentration and the MI of polymers produced by 
a specific reactor, and programming the target MI or MI range into a reactor 
control system processor. By monitoring the polymer MI data generated by the 
Raman analyzer and comparing this data to the target MI range, the flow of 
hydrogen into the reactor vessel may be adjusted so that the MI range of the 
polymer product remains within the target MI range. 
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10072] It will be understood by those skilled in the art that other reactor 
constituent properties and other reactor parameters can be used. In a similar way 
as described above, the final polymer properties may be achieved by controlled 
metering reactor parameters in response to data generated by the Raman analyzer. 

6. EXAMPLES 

[0073] Laboratory determinations of density (g/cm 3 ) used a compression molded 
sample, cooled at 15 °C per hour and conditioned for 40 hours at room 
temperature according to ASTM Dl 505 and ASTM D1928, procedure C. 
[0074] Laboratory determinations of melt flow rates were carried out at 190 °C 
according to ASTM D-1238. I 2 i. 6 is the "flow index" or melt flow rate of the 
polymer measured according to ASTM D-1238, condition F, and I 2 .i6 is the "melt 
index" or melt flow rate of the polymer measured according to ASTM D-1238, 
condition E. The ratio of I 2 i. 6 to I 2 .i 6 is the "melt flow ratio" or "MFR". 

Examples 1-2 

[0075] Examples 1-2 were used to show the feasibility of embodiments of the 
invention. In Examples 1-2, measurements were made in the laboratory, 
simulating the measurements that would be made on-line in a polymerization 
reactor. 

[0076] The Raman system used for Examples 1-2 was a Kaiser Optical Holoprobe 
Process Raman Analyzer, available from Kaiser Optical Systems, Inc., Ann 
Arbor, Michigan. The Raman system used a 125 mW diode laser operating at 785 
nm, and was equipped with a probe with 2.5 (6.3 cm) inch imaging optics fiber- 
optically coupled to the instrument, a holographic notch filter, holographic 
dispersion grating, cooled CCD detector (-40 °C), and computer for analyzer 
control and data analysis. A more complete description of this commercial 
instrument can be found in "Electro-Optic, Integrated Optic, and Electronic 
Technologies for Online Chemical Process Monitoring," Proceedings SPIE, vol. 
3537, pp. 200-212 (1998), the disclosure of which is incorporated herein by 
reference for purposes of U.S. patent practice. 
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[0077] Data collection was accomplished by positioning the Raman probe above 
the surface of a polymer granule sample at a distance of about 2.5 inches (6.3 cm). 
The probe was fiber optically coupled to the Raman analyzer for both excitation 
and scattering signals. Data were collected from each sample for three minutes 
(i.e., signal averaged for 3 minutes). The CCD detector is sensitive to cosmic 
rays, which can cause spurious signals in array elements. "Cosmic ray checking" 
is a detector function that checks for these artifacts and discards them. In the 
following examples, the cosmic ray checking function was used. 
[0078J Raman spectra were collected over the region of 100 to 3500 cm" 1 . Three 
consecutive spectra were collected for each sample used. The samples were 
obtained from a slurry loop polymerization reactor producing high density 
polyethylene using Phillips catalysts. Laboratory measurements of melt index 
and/or density were also made for each sample. 

[00791 The data were divided into calibration sets, used to develop the PCA/LWR 
models, and validation sets, used to evaluate the accuracy of the model. Separate 
models were developed for melt index and density. 

Example 1: Melt Index 
[0080] Eighty-five polymer samples were used. Each sample was an HDPE resin, 
in a melt index range of from about 0.35 to about 0.65 g/10 min, and a density 
range of about 0.952 to 0.963 g/cm 3 . Raman spectra and laboratory melt index 
measurements were collected as described above. 

[0081] The lab values of melt index and the corresponding Raman spectra were 
used to create a locally- weighted regression model for melt index, using principal 
component loadings and principal component scores. The measured values of 
melt index (i.e., values obtained according to ASTM D-1238, condition 190°C, 
2.16 kg), predicted values of melt index obtained from the model, and deviation 
(predicted minus measured, denoted "A MI") are shown in Table 1. The results 
are also shown graphically in Figure 3. The line in the Figure is the model 
prediction. The calculated R 2 value was 0.994, with a standard error of 0.01 g/10 
min. 
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Table 1: Melt Index Calibration 



MI (Lab) 
(dg/min) 


MI (Model) 
(dg/min) 


AMI 
(dg/min) 


MI (Lab) 
(dg/min) 


MI (Model) 
(dg/min) 


AMI 
(dg/min) 


0.59 


0.591 


0.001 


0.36 


0.367 


0.007 


0.59 


0.590 


0.000 


0.36 


0.373 


0.013 


0.59 


0.581 


-0.009 


0.57 


0.536 


-0.034 


0.52 


0.523 


0.003 


0.57 


0.569 


-0 001 


0.52 


0.517 


-0.003 
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0 014 
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0.014 
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0 49 
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-U.UUJ 
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-0 016 
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0.61 
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• 0.007 


0 46 


O 4£7 
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0.61 


0.617 
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0 4£ 
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0.55 
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a 
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0.015 


0.36 
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0.36 
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0.42 
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0.36 
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0.42 
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0.011 


0.36 


0.358 
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0.42 
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0.011 


0.51 
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-0 001 


0.44 
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0.51 
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0.44 


0.431 
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0.51 
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0.46 
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0.36 
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0.46 


0.438 
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0.36 
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-0.001 


0.46 
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-0.007 


0.39 
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0.003 


0.61 
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0.000 


0.39 
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0.61 
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0.004 


0.39 
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-0.003 
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0.003 
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0.53 
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0.000 


0.46 
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0.001 


0.53 
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0.007 


036 
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Example 2: Density 

[0082] An analysis was carried out as in Example 1 , using density rather than melt 
index as the predicted property. The same samples as in Example 1 were 
evaluated. Raman spectra and laboratory density measurements were collected as 
described above. The lab values of density (i.e., measured in accordance with 
ASTM D1505 and ASTM D1928, procedure C) and the corresponding Raman 
spectra were used to create a locally-weighted regression model for density, using 
principal component loadings and principal component scores. The measured 
densities, predicted densities, and deviations (i.e., predicted minus measured 
densities, denoted "Ap") are shown in Table 2. The results are also shown 
graphically in Figure 4. The line in the Figure is the model prediction. The 
calculated R 2 value was 0.997, with a standard error of 0.0003 g/cm 3 . 
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Table 2: Density Calibration 



p(Lab) 


p (Model) 


Ap 
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(g/cm 3 ) 


(g/cm 3 ) 
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V p w V/\/\/ \J 


0.9547 


0.95457 


-0.00013 


0.9609 


0.96051 


-0 00039 
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[0083] Various tradenames used herein are indicated by a ™ symbol, indicating 
that the names may be protected by certain trademark rights. Some such names 
may also be registered trademarks in various jurisdictions. 

[0084] All patents, test procedures, and other documents cited herein, including 
priority documents, are fully incorporated by reference to the extent such 
disclosure is not inconsistent with this invention and for all jurisdictions in which 
such incorporation is permitted. 
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What is claimed is: 
CLAIMS: 

1. A process for determining polymer product properties in a slurry reactor 
system, the process comprising: 

(a) obtaining a regression model for determining a polymer product 
property, the regression model including principal component 
loadings and principal component scores; 

(b) acquiring a Raman spectrum of the polymer product in the slurry 
reactor system; 

(c) calculating a new principal component score from at least a portion 
of the Raman spectrum and the principal component loadings; and 

(d) calculating the polymer product property by applying the new 
principal component score to the regression model: 

2. The process of claim 1, wherein the step of obtaining a regression model 
comprises: 

(i) obtaining a plurality of Raman spectra of the polymer product; 

(ii) calculating principal component loadings and principal component 
scores from the spectra obtained in (i) using principal component 
analysis (PCA); and 

(iii) forming the regression model using the principal component scores 
calculated in (ii) such that the regression model correlates the 
polymer property to the principal component scores. 

3. The process of claim 1, wherein the regression model is a locally weighted 
regression model. 

4. The process of claim 1, wherein the polymer product property is selected 
from density, melt flow rate, molecular weight, molecular weight 
distribution, tab swell, and functions thereof. 
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5. The process of claim 1, wherein the polymer product comprises poly olefin 
particles. 

6. The process of claim 1, wherein the step of acquiring a Raman spectrum 
comprises: 

(i) providing a Raman probe in optical communication with the 
polymer product in the slurry reactor system; and 

(ii) irradiating the polymer product and collecting scattered radiation 
using the Raman probe. 

7. The process of claim 1, wherein the slurry reactor system is a slurry loop 
reactor system. 

8. The process of claim 1, wherein the slurry reactor system is a stirred slurry 
reactor system. 

i 

9. The process of claim 1, further comprising: 

(i) obtaining a second regression model for determining a second 
property of the polymer product, the second regression model 
including second principal component loadings and second 
principal component scores; 

(ii) calculating a new second principal component score from at least a 
portion of the Raman spectrum and the second principal 
component loadings; and 

(iii) calculating the second property of the polymer product by applying 
the new second principal component score to the second regression 
model. 

1 0. The process of claim 9, wherein the two properties of the polymer product 
are a melt flow rate and density. 



11. 



The process of claim 9, further comprising: 
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(i) obtaining a third regression model for determining a third property 
of the polymer product, the third regression model including third 
principal component loadings and third principal component 
scores; 

(ii) calculating a new third principal component score from at least a 
portion of the Raman spectrum and the third principal component 
loadings; and 

(iii) calculating the third property of the polymer product by applying 
the new third principal component score to the third regression 
model. 

12. The process of claim 11, wherein the three properties of the polymer 
product are a melt flow rate, density, and tab swell. 

13. A process for determining polyolefin product properties in a slurry loop 
reactor system, the process comprising: 

(a) obtaining a locally weighted regression model for determining a 
polyolefin product property selected from density, melt flow rate, 
molecular weight, molecular weight distribution, tab swell, and 
functions thereof, the locally weighted regression model including 
principal component loadings and principal component scores; 

(b) acquiring a Raman spectrum of a the polyolefin product in the 
slurry loop reactor; 

(c) calculating a new principal component score from at least a portion 
of the Raman spectrum and the principal component loadings; and 

(d) calculating the polyolefin product property by applying the new 
principal component score to the locally weighted regression 
model. 

14. The process of claim 13, wherein the step of obtaining a regression model 
comprises: 

(i) obtaining a plurality of Raman spectra of the polyolefin product; 
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(ii) calculating principal component loadings and principal component 
scores from the spectra obtained in (i) using principal component 
analysis (PCA); and 

(iii) forming the regression model using the principal component scores 
calculated in (ii) such that the regression model correlates the 
polyolefin product property to the principal component scores. 

15. The process of claim 13, wherein the step of acquiring a Raman spectrum 
comprises: 

(i) providing a Raman probe in optical communication with the 
polyolefin product in the slurry reactor system; and 

(ii) irradiating the sample and collecting scattered radiation using the 
Raman probe. 

1 6. The process of claim 13, further comprising: 

(i) obtaining a second regression model for determining a second 
property of the polyolefin product, the second regression model 
including second principal component loadings and second 
principal component scores; 

(ii) calculating a new second principal component score from at least a 
portion of the Raman spectrum and the second principal 
component loadings; and 

(iii) calculating the second property of the polyolefin product by 
applying the new second principal component score to the second 
regression model. 

17. The process of claim 16, wherein the two properties of the polyolefin 
product are a melt flow rate and density. 

1 8. The process of claim 1 6, further comprising: 

(i) obtaining a third regression model for determining a third property 
of the polyolefin product, the third regression model including third 
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principal component loadings and third principal component 
scores; 

(ii) calculating a new third principal component score from at least a 
portion of the Raman spectrum and the third principal component 
loadings; and 

(iii) calculating the third property of the polyolefin product by applying 
the new third principal component score to the third regression 
model. 

19. The process of claim 18, wherein the three properties of the polyolefin 
product are a melt flow rate, density, and tab swell. 

20. A process for controlling polymer properties in a slurry reactor system, the 
process comprising: 

(a) obtaining a regression model for determining a polymer product 
property, the regression model including principal component 
loadings and principal component scores; 

(b) acquiring a Raman spectrum of the polymer product in the slurry 
reactor system; 

(c) calculating a new principal component score from at least a portion 
of the Raman spectrum and the principal component loadings; 

(d) calculating the polymer product property by applying the new 
principal component score to the regression model; and 

(e) adjusting at least one polymerization parameter based on the 
calculated polymer product property. 

21. The process of claim 20, wherein the step of obtaining a regression model 
comprises: 

(i) obtaining a plurality of Raman spectra of the polymer product; 

(ii) calculating principal component loadings and principal component 
scores from the spectra obtained in (i) using principal component 
analysis (PCA); and 



WO 2004/063234 



PCT/US2003/038909 



32 

(iii) forming the regression model using the principal component scores 
calculated in (ii) such that the regression model correlates the 
polymer product property to the principal component scores. 

22. The process of claim 20, wherein the regression model is a locally 
weighted regression model. 

23. The process of claim 20, wherein the polymer product property is selected 
from density, melt flow rate, molecular weight, molecular weight 
distribution, tab swell, and functions thereof. 

24. The process of claim 20, wherein the polymer product comprises 
polyolefin particles. 

25. The process of claim 24, wherein the step of acquiring a Raman spectrum 
comprises: 

(i) providing a Raman probe in optical communication with the 
polymer product in the slurry reactor system; and 

(ii) irradiating the polymer product and collecting scattered radiation 
using the Raman probe. 

26. The process of claim 20, wherein the slurry reactor system is a slurry loop 
reactor system. 

27. The process of claim 20, wherein the slurry reactor system is a stirred 
slurry reactor system. 

28. The process of claim 20, wherein the at least one polymerization parameter 
is selected from the group consisting of monomer feed rate, comonomer 
feed rate, catalyst feed rate, hydrogen gas feed rate, slurry density, and 
reaction temperature. 
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29. The process of claim 20, further comprising: 

(i) obtaining a second regression model for determining a second 
property of the polymer product, the second regression model 
including second principal component loadings and second 
principal component scores; 

(ii) calculating a new second principal component score from at least a 
portion of the Raman spectrum and the second principal 
component loadings; and 

(iii) calculating the second property of the polymer product by applying 
the new second principal component score to the second regression 
model, 

and wherein the step of adjusting comprises adjusting at least one 
polymerization parameter based on the calculated property of the polymer 
product, the calculated second property of the polymer product, or both 
calculated polymer product properties. 

30. The process of claim 29, wherein the two properties of the polymer 
product are a melt flow rate and density. 

3 1 . The process of claim 29, further comprising: 

(i) obtaining a third regression model for determining a third property 
of the polymer product, the third regression model including third 
principal component loadings and third principal component 
scores; 

(ii) calculating a new third principal component score from at least a 
portion of the Raman spectrum and the third principal component 

• loadings; and 

(iii) calculating the third property of the polymer product by applying 
the new third principal component score to the third regression 
model, 

and wherein the step of adjusting comprises adjusting at least one 
polymerization parameter based on the calculated property of the polymer 
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product, the calculated second property of the polymer product, the 
calculated third property of the polymer product, or a combination thereof. 

32. The process of claim 31, wherein the three properties of the polymer 
product are a melt flow rate, density, and tab swell. 

33. A process for controlling poly olefin product properties in a slurry loop 
reactor system, the process comprising: 

(a) obtaining a locally weighted regression model for determining a 
polyolefin product property selected from density, melt flow rate, 
molecular weight, molecular weight distribution, tab swell, and 
functions thereof, the locally weighted regression model including 
principal component loadings and principal component scores; 

(b) acquiring a Raman spectrum of the polyolefin product in the slurry 
loop reactor system; 

(c) calculating a new principal component score from at least a portion 
of the Raman spectrum and the principal component loadings; 

(d) calculating the polyolefin product property by applying the new 
principal component score to the locally weighted regression 
model; and 

(e) adjusting at least one polymerization parameter based on the 
calculated polyolefin product property. 

34. The process of claim 33, wherein the step of obtaining a regression model 
comprises: 

(i) obtaining a plurality of Raman spectra of the polyolefin product; 

(ii) calculating principal component loadings and principal component 
scores from the spectra obtained in (i) using principal component 
analysis (PCA); and 

(iii) forming the regression model using the principal component scores 
calculated in (ii) such that the regression model correlates the 
polyolefin product property to the principal component scores. 



WO 2004/063234 



PCT/US2003/038909 



35 

35. The process of claim 33, wherein the step of acquiring a Raman spectrum 
comprises: 

(i) providing a Raman probe in optical communication with the 
polyolefin polymer product in the slurry loop reactor system; and 

(ii) irradiating the sample and collecting scattered radiation using the 
Raman probe. 

36. The process of claim 33, wherein the at least one polymerization parameter 
is selected from the group consisting of monomer feed rate, comonomer 
feed rate, catalyst feed rate, hydrogen gas feed rate, slurry density, and 
reaction temperature. 

37. The process of claim 33, further comprising: 

(i) obtaining a second regression model for determining a second 
property of the polyolefin product, the second regression model 
including second principal component loadings and second 
principal component scores; 

(ii) calculating a new second principal component score from at least a 
portion of the Raman spectrum and the second principal 
component loadings; and 

(iii) calculating the second property of the polyolefin product by 
applying the new second principal component score to the second 
regression model, 

and wherein the step of adjusting comprises adjusting at least one 
polymerization parameter based on the calculated property of the 
polyolefin product, the calculated second property of the polyolefin 
product, or both calculated polyolefin product properties. 

38. The process of claim 37, wherein the two properties of the polyolefin 
product are a melt flow rate and density. 
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39. The process of claim 37, further comprising: 

(i) obtaining a third regression model for determining a third property 
of the polyolefin product, the third regression model including third 
principal component loadings and third principal component 
scores; 

(ii) calculating a new third principal component score from at least a 
portion of the Raman spectrum and the third principal component 
loadings; and 

(iii) calculating the third property of the polyolefin product by applying 
the new third principal component score to the third regression 
model, 

and wherein the step of adjusting comprises adjusting at least one 
polymerization parameter based on the calculated property of the 
polyolefin product, the calculated second property of the polyolefin 
product, the calculated third property of the polyolefin product, or a 
combination thereof. 

40. The process of claim 30, wherein the three properties of the polyolefin 
product are a melt flow rate, density, and tab swell. 



WO 2004/063234 PCT/US2003/038909 

1/4 



200 



100* 



102* 



Light Source 



104 



Monochromator 



106- 



Detector 



I J. 



302 



Analyzer 



205 



N ? source 



Probe 



204 



Reactor 
System 
20 



300 



FIG. 1 



WO 2004/063234 



2/4 



PCT/US2003/038909 




WO 2004/063234 



3/4 



PCT/US2003/038909 





0.650 




0.600 


ro 






0.550 






Mel 


0.500 


no" 
<u 
•« 


0.450 






■3 

4) 


0.400 


U 




Pm 


0.350 




0.300 




0.3 0.35 0.4 0.45 " 0.5 0.55 

Lab Meas urcd Melt Index 



0.6 



' 0.65 



x PrcdCal Linear (Pred Cal) 



FIG. 3 



WO 2004/063234 PCT/US2003/038909 

4/4 



n 
ft 

"8 

"33 

I 



0.96400 
0.96200 
0.96000 
0.95800 
0.95600 
0.95400 

0.95200 -\ 1 1 r. r 

0.9520 0.9540 0.9560 0.9580 0.9600 0.9620 0.9640 

Lab Measured Density 




X Pred Cal Linear (Pred Cal) 



FIG. 4 



INTERNATIONAL SEARCH REPORT 



Inta^feiortaf Application No 

PCVUS 03/38909 



A. CLASSIFICATION OF SUBJECT MATTER , 

IPC 7 C08F10/02 C08F2/00 C08F2/12 



G01N11/02 G01N21/00 



According to International Patent Classification (IPC) or to both national classification and IPC 



B. FIELDS SEARCHED 



Minimum documentation searched (classification system followed by classification symbols) 

IPC 7 C08F 



Documufiuthjn searched other than minimum documentation to the extent that such documents are Included in the fields searched 



EWi ir.tf» atu tw . united during the international search (name of data base and, where practical, search terms used) 

EPO-Internal. WPI Data, PAJ 



C. DOCUMENTS CONSIDERED TO BE RELEVANT 



Category (,a**u hi nt i>* unnfli. with indication, where appropriate, of the relevant passages 



Relevant to claim No. 



WO 01/09203 A (EXXON CHEMICAL PATENTS INC) 

8 February 2001 (2001-02-08) 

cited in the application 

page 7, line 10 - page 8, line 13 

page 9, line 20 - page 10, line 18 

page 19, line 8 - line 16 

claims; examples 

US 6 144 897 A (SELLIERS JACQUES DE) 
7 November 2000 (2000-11-07) 
cited in the application 
claim 1 



1-40 



US 5 999 255 A (DUPEE JAMES D 
7 December 1999 (1999-12-07) 
cited in the application 
claims 1-16 



ET AL) 



1-40 



1-40 



m 



Further documents are listed in the continuation of box C. 



Patent family members are listed in annex. 



° Special categories of cited documents : 

"A" document defining the general state of the art which is not 
considered to be of particular relevance 

"E* earlier document but published on or after the international 
filing date 

a L* document which may throw doubts on priority claim (s) or 
which Is cited to establish the publication date of another 
citation or other special reason (as specified) 

'O' document referring to an oral disclosure, use, exhibflion or 
other means 

"P" document published prior to the international filing date but 
later than the priority date claimed 



T later document published after the International filing date 
or priority date and not in conflict with the application but 
cited to understand the principle or theory underlying the 
Invention 

"X" document of particular relevance; the claimed Invention 
cannot be considered novel or cannot be considered to 
involve an Inventive step when the document Is taken alone 

"V document of particular relevance; the claimed Invention 

cannot be considered to involve an inventive step when the 
document is combined with one or more other such docu- 
ments, such combination being obvious to a person skifled 
In the art. 

*&' document member of the same patent family 



Date of the actual completion of the international search 



16 June 2004 



Date of mailing of the international search report 

24/06/2004 



Name and mailing address of the ISA 

European Patent Office, P.B. 5818 Patent laan 2 
NL-2280HVRIJswfjk 
TeL (+31-70) 340-2040. Tx. 31 651 epo nl t 
Fax: (+31-70) 340-301 6 



Authorized officer 



Kaumann, E 



Focm PCT/1SA/210 (second sheet) (January 2004) 



page 1 of 2 



INTERNATIONAL SEARCH REPORT 



lnt^fcional Application No 

PCT/US 03/38909 



C(Continuatlon) DOCUMENTS CONSIDERED TO BE RELEVANT 



Category • I Citation of document, with Indication, where appropriate, of the relevant passages 



Relevant to claim No. 



US 4 620 049 A (SCHMIDT GREGORY E ET AL) 

28 October 1986 (1986-10-28) 

column 6, line 31 - column 7, line 15 



US 5 892 228 A (COOPER JOHN B 
6 April 1999 (1999-04-06) 
claims 



ET AL) 



ARDELL G G ET AL: "MODEL PREDICTION FOR 
REACTOR CONTROL" 

CHEMICAL ENGINEERING PROGRESS, AMERICAN 

INSTITUTE OF CHEMICAL ENGINEERS, , US, 

vol. 79, no. 6, 1 June 1983 (1983-06-01), 

pages 77-83, XP000600528 

ISSN: 0360-7275 

cited in the application 

page 77 - page 83 



1-40 



1-40 



1-40 



Form PCT/ISA/210 (continuation oi second sheet) (January 2004) 



page 2 of 2 



INTERNATIONAL SEARCH REPORT 

nformation on patent family members 



tnt|^tlonal Application No 

PCI/US 03/38909 



Patent document 




Publication 




Patent family 




Publication 


cited In search report 




date 




member(s) 




date 


WO 0109203 


A 


08-02-2001 


BR 


0012874 A 


09-04-2002 






LA 


2381567 Al 


no no onAi 
08— U£— ZQQL 






EP 


1214362 


Al 


19-06-2002 






EP 


1214363 Al 


19-06-2002 






WO 


0109201 


Al 


08-02-2001 






WO 


0109203 Al 


08-02-2001 






US 


2002156205 Al 


24-10-2002 


US 6144897 


A 


07-11-2000 


BE 


1009406 


A3 


04-03-1997 






AT 


1 77761 
iff /0 1 


j 


15-04-1999 






AU 


704563 


B2 


29-04-1999 






AU 


6124696 


A 


09-01-1997 






BR 


9609240 


A 


11-05-1999 






CA 


2220316 


Al 


27-12-1996 






CN 


1192222 


A 


02-09-1998 






CZ 


9703985 


A3 


18-03-1998 






DE 


69601794 


Dl 


22-04-1999 






DE 


69601794 


T2 


07-10-1999 






EA 


343 


Bl 


29-04-1999 






WO 


9641822 


Al 


27-12-1996 






EP 


0830394 


Al 


25-03-1998 






ES 


2131945 


T3 


01-08-1999 






HU 


9803021 


A2 


28-04-1999 






OP 


2000500060 


T 


11-01-2000 






NO 


975780 


A 


06-02-1998 






PL 


323911 


Al 


27-04-1998 



US 5999255 A 07-12-1999 NONE 



US 


4620049 


A 


28-10-1986 


NONE 


us 


5892228 


A 


06-04-1999 


NONE 



Foim FCT/lSA/210 (patert tamQy annex) (January 2004) 



